Abstract-This paper describes the design and experimental evaluation of two high-efficiency interior permanent-magnet (IPM) motors for use in a commercial transcritical CO 2 (R-744) heat pump water heater (HPWH). Two IPM topologies, a 36-slot 6-pole topology and a 9-slot 6-pole topology, were selected, optimized, and prototyped using a common flat-bar IPM rotor. The experimental analysis includes standard measurements of electrical machine parameters, and dynamometer tests. The initial measurements of the CO 2 compressor performance with a stock line-fed induction machine and the 36-slot 6-pole IPM configuration have been completed. This paper finds a small isentropic compressor efficiency improvement from using the 36-slot 6-pole IPM motor compared to the stock line-fed induction machine at rated operating conditions (essentially constant speed). This paper also expands the open literature on the impact of high-efficiency motor drives on CO 2 compressor operation and CO 2 HPWH systems.
Design and Evaluation of Interior Permanent-Magnet
Compressor Motors for Commercial Transcritical CO 2 (R-744) Heat Pump Water Heaters more readily in a commercial rather than residential setting. Compared to R134a-based HPWH systems, using transcritical CO 2 (R-744) as the refrigerant offers many potential advantages, including high discharge or condenser temperatures, smaller physical size for systems of similar capacity, an ozone depletion potential (ODP) of zero, and a global warming potential (GWP) of one [1] , [2] . Typically, however, the operating pressures are very high. A basic air to water HPWH system schematic is shown in Fig. 1 . Heat is transferred to a refrigerant from the ambient environment in the evaporator, causing the refrigerant to boil. The vapor is compressed, and the temperature and pressure rise. Heat is transferred to a water loop for the hot water storage tank through the condenser or gas cooler where the refrigerant condenses back to a high pressure liquid. The liquid pressure is then reduced through the expansion valve, and the cycle repeats. The operation of a transcritical CO 2 HPWH is basically identical. One of the main ways that heat pumps are evaluated is through their heating coefficient of performance (COP) COP heating
=
Heat delivered to hot reservoir at temperature T hot Compressor's dissipated work .
A representative commercial R134a air to water HPWH has a rated COP heating of up to 4.2 [3] . A number of commercial CO 2 HPWHs are on the market, primarily in Japan, under the name "Eco Cute." Manufacturers include Mayekawa, Denso, Daikin, Sanyo, Matsushita Electric Industrial, Hitachi Appliances, and Mitsubishi Electric [4] , [5] .
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Many of the "Eco Cute" family of products use permanentmagnet (PM) machines in their CO 2 compressors. Other manufacturers, such as Bitzer or Bock, which sell only the CO 2 compressor itself, use line-fed induction machines [6] . Extensive open literature on the impact of high-efficiency motors operated with a variable speed drive (VSD) on CO 2 compressor operation and CO 2 HPWH systems is not available. This paper presents the design of two interior permanent-magnet (IPM) motors for use in a commercial CO 2 HPWH. Testing of a CO 2 compressor with a line-fed induction machine and a prototype IPM machine has also been carried out.
II. POTENTIAL IMPACT OF COMPRESSOR MOTOR TYPE AND DRIVE ON SYSTEM PERFORMANCE IPM motor drive systems typically have higher motor drive efficiencies than standard line-fed hermetic induction machines at similar rated operating conditions, even with the additional losses incurred by the VSD [7] . An IPM motor is therefore expected to have a positive impact on an HPWH system COP heating . In many refrigeration systems, the losses of the electric machine, which are cooled by the refrigerant, have an adverse effect on the thermodynamic performance of the system. In a heat pump system, however, the electrical machine losses are not as problematic from a thermodynamic system perspective. Some of the losses from the motor to the suction gas are recovered and transmitted to the condenser or gas cooler. Heating of the suction gas may, however, lower its density and thereby lower the volumetric efficiency of the compressor as less suction gas is compressed per displacement of the compressor piston.
Variable speed operation is important for the variable capacity operation of the heat pump system and system control flexibility. This is especially critical for units where the evaporator is located outside where the ambient temperature may be low. The low ambient temperature results in a low suction gas pressure, and therefore, for the same cooling capacity, the speed of the compressor must increase. The temperature of the suction gas returning to the evaporator must also be lower than the outside ambient temperature. The use of a VSD and oversized condensers/evaporators may allow the HPWH to operate very efficiently with a high COP, with high water exit temperatures and low water flow rates to the storage tank. If higher capacity is needed, the compressor speed can be increased, but at the cost of a reduced COP. Typically, IPM machines maintain higher efficiencies than induction machines over a given torque and speed envelope. This will help to minimize the reduction in COP at increased capacities.
If a CO 2 HPWH is designed to run at fixed capacity and thermodynamic conditions, then a line-fed interior permanentmagnet machine (LFIPM) may be a better option [8] . The LFIPM avoids the expense of the VSD and its losses, which are not recoverable. The LFIPM is likely to have higher efficiency than a standard line-fed induction machine. However, for this study, it was decided to have flexibility to explore a range of capacities, thermodynamic conditions, and control strategies. Therefore, an IPM motor with VSD was chosen for evaluation. 
III. MOTOR DESIGN SPECIFICATIONS AND OBJECTIVES
The baseline reciprocating piston transcritical CO 2 compressor used in the experimental HPWH is a Bitzer 4MTC-10-40S [6] . In its purchased condition, the compressor uses a 4-pole 60-Hz line-fed induction machine nominally rated for "10 hp." Because the compressor is hermetically sealed, it is difficult to gather basic information about the ratings and design of the induction machine beyond what was available from the compressor manufacturer's data sheet. Based on this information, design specifications and requirements for the IPM machines were set and are listed in Table I . A rated speed of 1800 r/min was selected to match closely to the 4-pole 60-Hz induction machine's likely rated operating point. The compressor itself is certified for a speed range of 1800-2400 r/min in the manufacturer's documentation.
The compressor manufacturer indicated that, for the 50-Hz version of the induction machine at thermodynamic conditions, which are typical for a heat pump application, the power consumption of the induction machine is 12.5 kW. Assuming an induction machine efficiency ranging from 80% to 92% and a slip ranging from 0.01 to 0.04, the shaft torque would range from 64 to 76 N · m. Because hermetic motors are typically designed with high current densities (3 to 7 A/mm
2 ) compared to standard industrial induction machines, and rely on the gas flow in the compressor to cool them, the efficiency is likely to be in the mid to lower portion of the range. Selecting the midpoint of the efficiency and slip ranges results in a shaft torque of ∼70 N · m. Because of the uncertainty in the exact torque and power levels required, a torque rating of 71 N · m was selected to help ensure the operation of the compressor while not drastically oversizing the IPM motor. The combined speed and torque ratings for the IPM motors result in a rated power of 13.4 kW (18 hp), which is considerably higher than the manufacturer's nominal "10 hp" designation.
The acceptable level of torque ripple for this application was also unknown. The compressor itself has a large torque variation during a rotation. An electromagnetic torque ripple specification of less than 10% was selected arbitrarily. Electromagnetic torque ripple will likely be dominated by torque pulsations created in the compressor. Based on the slot current densities used in commercially available hermetic induction machines, a slot current density of 7 A/mm 2 was selected as the upper limit. Limiting the slot current density to 7 A/mm 2 is likely to result in a design with adequate cooling as the standard induction machine is likely to have higher losses, particularly in the rotor.
Because of timing and resource constraints, a commercially available drive with IPM motor control capabilities was used rather than a custom drive solution. A Yaskawa A1000 drive was selected because it has the advertised ability to sensorlessly control an IPM motor with phase advance. Sensorless operation is a critical requirement as the compressor is hermetically sealed. Phase advance (field weakening) is also necessary for the maximum efficiency operation of the IPM machine. There is some uncertainty about the exact algorithm used by the drive for sensorless control, but a saliency ratio (L q /L d ) greater than 1.4 is required [9] . Therefore, the minimum saliency ratio design specification was set to 1.5.
The compressor manufacturer provided the maximum stator OD, maximum axial stator stack length, and minimum rotor ID available. The minimum rotor ID is much larger than expected for a shaft diameter to support the rated torque. If the full axial stator stack length available is to be used, a portion of the rotor must be cantilevered without support from the shaft, over a bearing housing. To simplify the mechanical and electromagnetic design of the IPM machines, the minimum rotor ID of the cantilevered section was used throughout with a single lamination design. The large rotor ID also influences the rotor magnet configuration. A flat-bar configuration was selected as it offered the most design freedom, given the relatively small rotor lamination radial thickness available. The geometric design parameters for a v-shape magnet configuration would be very constrained.
Two types of stators were examined: integer-slot distributed winding (36 slot/6 pole, with q = 2) and fraction-slot concentrated winding (9 slot/6 pole and 12 slot/8 pole, with q = 0.5). The integer-slot distributed winding configuration is more conventional and was likely to have fewer problems with the Yaskawa drive control algorithms except for the potential rotor step skewing interfering with the sensorless control algorithm. The fractional slot concentrated winding configurations allow potentially higher fill factors and reduced end turn losses. The concerns with this configuration are additional core losses in the rotor lamination and magnet and how the unknown sensorless control algorithm and current regulator in the Yaskawa drive will handle the higher order back-emf harmonics. Other fractional slot concentrated winding configurations, such as the 12 slot/10 pole, were rejected because of the concern with imbalance and eccentricity forces as the rotor in the compressor is cantilevered [10] .
The lamination steel was selected to be AK M19-26 Ga to maintain relatively low core losses in IPM motors. As a wide range of thermodynamic conditions was to be explored and the exact cooling capability of the suction gas is unknown, high coercivity magnets that are available in the U.S., in sample quantities, were selected; Vacodym 677 HR. For production versions of the motor, less expensive lower dysprosium content magnet grades could be substituted.
IV. DESIGN OPTIMIZATION
To design the candidate IPM motors, a multiobjective differential evolution finite-element analysis (FEA)-based procedure was used [11] , [12] . This technique combines a computational efficient FEA (CE-FEA)-based machine evaluation procedure with a differential evolution algorithm to control the variation of geometric design parameters with the multiobjective goals of maximizing rated-load efficiency and minimizing the PM mass while maintaining the safe operation of the PM. For each of the three IPM motor topologies, ten geometric design variables were used: stator inner radius, stator tooth width, stator slot opening, stator back iron depth, stator stator tooth depth, airgap depth, PM width, PM depth, pole arc, and q-axis bridge width. A total of 22 500 design candidates, including all three topologies, were evaluated during the optimization. Significant variation among the candidate designs is observed (see Fig. 2 ).
V. IPM MOTOR DESIGN SELECTION AND REFINEMENT
From among the candidate designs which met the design constraints, the selected best compromise designs for further design refinement are indicated with a dot. The optimized motor design cross sections and relevant performance criteria are shown in Fig. 3 and Table II . The predicted rated motor efficiencies of the fractional slot concentrated winding machine are higher than that of the integer-slot distributed winding machine. This is mainly due to the higher copper losses in the integerslot distributed winding machine associated with the longer end turns. In reality, the fractional slot concentrated winding machine efficiencies will be lower than predicted because the analysis procedure used does not account for rotor and magnet core losses. If the 36-slot 6-pole machine is not skewed, it would not meet the less than 10% torque ripple requirement.
Because the sensorless control and current regulation capabilities of the Yaskawa A1000 series drive are relatively unknown, the fractional-slot concentrated winding designs, while offering potentially higher machine efficiencies, may be difficult to control because of the higher order back-emf harmonics. How the drive sensorless control algorithm will handle the skew necessary in the 36-slot 6-pole machine to reduce the torque ripple is also unknown. To reduce risk, it would be ideal to try both integer-slot distributed winding and fractional slot concentrated winding designs. The optimized rotors of both the 36-slot 6-pole and 9-slot 6-pole machines are very similar. To test both topologies, a common rotor was designed based on the rotors of the optimized designs that work with both stator types. The lamination drawings, CE-FEA predicted performance, and efficiency maps are shown in Fig. 4 , Table III, respectively, for the common rotor design. The design rated operating point is indicated by the black dot in the efficiency maps (see Fig. 5 ). The CE-FEA efficiency map calculations do not include the rotor or magnet core losses. The two-section step-skewed common rotor design is shown in Fig. 4 . To mimic a continuous skew of one slot pitch or 10 mechanical degrees in the 36-slot distributed winding design, the magnets in the two step sections must be displaced from each other by 5 mechanical degrees. This can be achieved by skewing the magnet slot by 2.5 mechanical degrees with respect to the rotor keyway. If the laminations in one step section are flipped with respect to the laminations in the other step, an angle of 5 mechanical degrees results between the magnet slots.
VI. TIME-STEPPING FINITE-ELEMENT EVALUATION
To verify the CE-FEA performance predictions for the two selected stator designs with the common IPM step-skewed rotor, 2-D nonlinear time-stepping FEA with second-order elements were performed. The FEA was current driven with 180 samples per electrical cycles. To account for the step skew in the rotor, two separate 2-D simulation models were used with the rotor rotated 2.5 mechanical degrees forward and backward with respect to the aligned position. The phase angle of the imposed current is not changed from the aligned case. This mimics a step skew of 10 electrical degrees or one slot pitch for the 36-slot stator. The estimated torque production, induced voltages (not including end-turn effects), power, losses (stator copper losses include end turns), and efficiency (does not include friction and windage losses) are presented in Table IV for the open circuit, the current vector positioned at 90 electrical degrees ahead of the magnet axis (β = 90 El. Deg.), and the current positioned at the maximum torque per ampere (MTPA) angle conditions. Due to the unknown phase advance capabilities of the Yaskawa A1000 drive, the number of turns per coil of the windings was selected to allow operation without phase advance (36/6 = 21 turns/coil and 9/6 = 39 turns/coil). The induced voltages with rated current with no phase advance are bolded in Table IV (β = 90 Deg.). If the drive IPM control algorithm successfully operates with phase advance at the rated operating point, the winding design could be further optimized by increasing the number of turns, thereby reducing the drive current, losses, and frame size.
The predicted efficiency of both designs at the rated operating point is very high with the 9-slot 6-pole design being slightly higher. The core losses were adjusted by a 2× scaling factor which, in previous work, has shown to be fairly accurate for the AK M19-26 Ga steel used in the prototypes. While the 36/6 design is predicted to have substantially lower rotor and PM core losses, the stator copper losses are predicted to be almost 196 W higher. There is major uncertainty, however, in the length of the end turns which will have a substantial impact on the copper loss prediction.
VII. EXPERIMENTAL EVALUATION
The experimental evaluation of the two stator designs with the IPM common rotor consisted of three parts: the mechanical design and construction of the IPM motors, evaluation of motor properties including dynamometer testing, and measurements of compressor isentropic and volumetric efficiencies.
A. Construction of Prototype IPM Motors
Prototype 36-slot 6-pole and 9-slot 6-pole stators were constructed along with a common IPM rotor. The prototype 36-slot 6-pole and 9-slot 6-pole stators are shown in Fig. 6 , and the common rotor is shown in Fig. 7 . The 9-slot 6-pole stator prototype was improperly wound with the overlapping end turns instead of the intended nonoverlapping ones. The coil sides were intended to be placed side to side in the slot versus top and bottom. The main effect of overlapping winding is increased end turn resistance and minor leakage reactance coupling between phases. This should have a relatively minor impact on the performance of the 9-slot 6-pole machine compared to its FEA-predicted performance.
The lamination concentricity of the 9-slot 6-pole stator was also damaged during the winding and varnishing process for approximately one-third of the axial length. This was partially corrected during the grinding of the stator outer diameter on an expanding mandrel. The impact of the displaced laminations on the 9-slot 6-pole motor performance is unknown but is expected to be relatively minor.
To enable the use of the same rotor during dynamometer testing and in the compressor, a shaft adapter was constructed. The shaft adapter is shown in Fig. 8 with several laminations. The shaft adapter holds the rotor on with a single nut and allows the transfer of the active rotor structure between shafts. As discussed in Section III, the rotor is supported on a single bearing as is common in hermetic applications, and due to space constraints, the rotor must extend over the bearing housing. The cantilevered rotor section is evident in Fig. 8 . To ensure the structural stability of the cantilevered rotor section, the flux barriers were filled with epoxy after magnet insertion and placement on the shaft adapter. The cross section of the machine setup for dynamometer testing with the rotor shaft adapter is shown in Fig. 9 .
B. Dynamometer Testing
Two sets of dynamometer testing were carried out. The inhouse dynamometer's torque capability compared to the rated torque output of the prototype motors allowed for only lightand no-load testing. Full-load testing was carried out at a third party location. Measurements of the phase A open circuit backemf line to line and line to neutral voltages at the rated operating speed of 1800 r/min are shown in Fig. 10 . The time-stepping skewed FEA results for phase A, overlaid on the figure, match very closely.
The friction and windage losses were measured using a dummy rotor steel slug on the same shaft adapter, which was used with the common rotor and the 36-slot 6-pole stator (see Fig. 11 ). The open circuit core losses were also measured (see Fig. 11 ). The measured core losses are slightly lower than the time-stepping finite-element predictions at the rated operating point with the 2× scaling factor. However, the agreement is fairly close.
The measured phase resistance of the 36-slot 6-pole stator was 0.267 Ω (at 20
• C) compared to a predicted phase resistance of 0.35 Ω (at 20
• C). This is due to the shorter end turns than predicted for this stator type. In the 9-slot 6-pole machine, the phase resistance was measured to be 0.201 Ω (at 20
• C), compared to a predicted 0.176 Ω (at 20
• C). The increase in the phase resistance is due to the winding mistake in which the coils were overlapped in the slot. The reduced phase resistance in the 36-slot 6-pole stator and increased phase resistance in the 9-slot 6-pole stator should reduce the predicted efficiency difference between the two machines.
The experimentally measured motor and system efficiencies are shown in Figs. 12-15 . The drive was operating in advanced open-loop PM mode with high frequency injection at low speed. Using the built in autotuned drive parameters resulted in sensorless control failure at well below the rated design point Fig. 12 . Experimental 36-slot 6-pole prototype motor efficiency. Fig. 13 . Experimental 9-slot 6-pole prototype motor efficiency. for both prototypes. The drives built in the "Energy Saver" feature, which varies the d-axis current command needed to be disabled for stable operation, and the PLL gain is detuned. Fixed parameters for L d , L q , and K e were tuned to force the drive operation at the MTPA point for rated-load conditions. The phase advance was therefore held constant at all efficiency measurement operating points.
The motor and drive efficiencies are very high-in some cases, over 95% for the motor efficiency and 92% for the system efficiency. The predicted motor efficiencies match the dynamometer measurements relatively well and actually slightly underestimate the measured performance (see Fig. 5 ). This is mostly due to the assumed 2× factor for the iron loss calculation and the slight difference between measured and predicted stator resistances.
The highest motor and system efficiency regions are larger for the 36-slot 6-pole machine. The tuning of the drive current regulators and the robustness of the drive phase advance algorithm were also much better for the 36-slot 6-pole machine. The CE-FEA estimated and drive estimated L q and L d axis inductances are shown in Figs. 16 and 17 . In the 36-slot 6-pole machine, the inductance estimates match relatively closely. More divergence in the estimates is seen for the 9-slot 6-pole machine, particularly at high load currents. The saliency ratio of the 9-slot 6-pole machine also drops with the load current to a greater extent than that of the 36-slot 6-pole machine. 
C. CO 2 Compressor and HPWH Testing
To test the impact of the IPM motors and VSD on the CO 2 compressor and HPWH system, a test assembly was constructed (see Fig. 18 ). The test assembly components were designed for a baseline CO 2 (R774) HPWH that could be compared to a commercially available R134a-based HPWH. The baseline performance of the stock Bitzer 4MTC-10K-40S transcritical CO 2 compressor with a line-fed 60 Hz was measured on the test assembly with the isentropic and volumetric efficiencies shown in Figs. 19 and 20 . The isentropic and volumetric efficiencies include the motor losses. The isentropic efficiency (2) and volumetric efficiency (3) are defined as follows:
where η isentropic isentropic efficiency; m r refrigerant mass flow; h cpro,is refrigerant enthalpy at the compressor outlet assuming compression process is isentropic; h cpri refrigerant enthalpy at compressor inlet; W Compressor steady-state work by compressor; η volumetric volumetric efficiency; v cpro refrigerant specific volume at compressor outlet; V displacement displacement of the compressor per revolution; RPM compressor angular speed. The stock induction machine was then extracted from the compressor using a custom pulling fixture. The 36-6 IPM stator was reinserted into the compressor using a custom fixture and jacking bolts. The IPM rotor shaft adapter was slid onto the compressor crankshaft using a custom insertion horn designed to avoid eccentricities and avoid safety issues. The performance of the compressor was measured on the same test assembly as used for the compressor with the line-fed induction machine (see Fig. 18 ). At similar operating conditions, the isentropic and volumetric efficiency of the compressor can be compared when operating with the two machine types (see Figs. 19 and 20) . The isentropic efficiency of the compressor, in general, shows improvement when operated with the 36-6 IPM. The volumetric efficiency of the compressor shows little difference between the two machine types except at high pressure ratios. Operation at other capacity levels is not shown.
While the efficiency of the 36-6 IPM machine is high (see Fig. 12 ) and likely higher than that of the stock induction machine, a modest increase in the isentropic efficiency is seen. This maybe because, in heat pump application, some of the losses in the electrical machine are recovered and transmitted to the condenser, reducing the impact of lower motor efficiencies on system performance. Also, the VSD losses are not recov- ered, which the stock induction machine does not have in this case. When operating at other capacities/speeds, the high motor efficiency of the 36-6 IPM may have more system impact, particularly at light loads, compared to that of a VSD-driven induction machine. This, however, has not been tested in this paper.
The HPWH performance with the 36-6 IPM motor running at a constant speed (1305 r/min) can be evaluated using the heating and combined heating and cooling COPs as a function of the gas cooler inlet water temperature (see Fig. 21 ). Both coefficients of performance compare favorably with other commercial HPWHs.
VIII. CONCLUSION
1) The use of transcritical CO 2 as a refrigerant is attractive for a number of reasons, including potential compact system size, an ODP of zero, and a GWP of one. In commercial HPWH systems, the main reason to use transcritical CO 2 is the potential high discharge temperature (∼180 • F) compared to other refrigerants like R134a (∼150
• F). The high discharge temperature is a requirement for some commercial applications. 2) Two stators with a common IPM rotor were designed using a CE-FEA approach coupled with a multiobjective differential evolution algorithm for use in a transcritical CO 2 compressor. 3) The predicted performance under open circuit and noload conditions closely matches skewed 2-D timestepping FEA models. The efficiency of both prototyped designs is very high and illustrates the power of the CE-FEA optimization methodology. 4) The predicted motor efficiencies match the dynamometer measurements relatively well and, in fact, underpredict the measured performance in some cases. The motor and system efficiency of the 36-slot 6-pole prototype was slightly higher overall than that of the 9-slot 6-pole prototype. Tuning and sensorless control operation with a commercial drive was also much easier and robust with the 36-slot 6-pole machine. 5) The isentropic and volumetric efficiency of a Bitzer 4MTC-10K-40S CO 2 compressor with the stock induction machine and VSD-driven 36-slot 6-pole IPM machine was measured at the rated operating conditions in an HPWH test assembly. The isentropic efficiency improved with the IPM machine while the volumetric efficiency was essentially unchanged. Operation at other capacities than the stock induction machine's rated operating point with both machine types operated using a VSD should be explored to determine the difference in compressor efficiency. Research Engineer in the research group at Modine, he was focusing on future technologies that need special heat exchangers and supporting Modine's application engineering groups to meet customer needs. He has more than 70 publications and is the holder of nine U.S. patents.
